A detailed study of the angular dependence of the magnetization reversal in polycrystalline ferromagnetic ͑FM͒/antiferromagnetic Co/IrMn bilayers with noncollinear FM and unidirectional anisotropies shows a peculiar asymmetric magnetic behavior. The anisotropy configuration is set via a field cooling ͑FC͒ procedure with the magnetic field misaligned with respect to the easy magnetization direction of the FM layer. Different magnetization reversal modes are observed for either positive or negative angles with respect to the FC direction. The angular dependence of both coercivity and exchange bias also clearly displays the broken symmetry of the induced noncollinearity. are at the heart of today's spintronic devices, stabilizing the direction of FM reference layers, while taking advantage of the interfacial exchange interaction effects.
are at the heart of today's spintronic devices, stabilizing the direction of FM reference layers, while taking advantage of the interfacial exchange interaction effects. 2 The most notable consequences of the FM/AFM exchange coupling are a shift in the hysteresis loop of the FM layer, called exchange bias 0 H E , an enhanced coercivity 0 H C , and an asymmetry in the magnetization reversal process. Experiments have shown that pinned ͑unpinned͒ uncompensated AFM spins at the interface are correlated with 0 H E ͑Ref. 3͒ ͑coercivity enhancement 4 ͒, and that the competition between anisotropies determines the asymmetric behavior of the magnetization reversal. 5, 6 Different intrinsic parameters ͑e.g., materials, anisotropies, thicknesses, and shapes͒ 2 as well as extrinsic ones ͓e.g., field cooling ͑FC͒ procedures [7] [8] [9] [10] ͔ have been explored to understand the exchange coupling phenomena in FM/AFM systems, aiming at improving the performance of magnetic devices. In general, the interfacial exchange coupling effects depend on the strength of the anisotropies 5 as well as their relative orientation, 6 exhibiting a complex phase diagram of different reversal modes. 5, 6, [11] [12] [13] [14] [15] In fact, the relative orientation between the intrinsic FM anisotropy and the induced interfacial unidirectional anisotropy can be controlled by different FC procedures, varying both strength, 7, 8 FC angle, 6, 9, 10 and/or interfacial magnetic frustration. 14, 15 In this letter we present a detailed study on the magnetization reversal of FM/AFM systems with a noncollinear uniaxial, K U , and unidirectional, K E , anisotropy configuration. Our work reveals the importance of taking into account the misalignment between the K U direction and the direction of the applied field during the FC procedure in order to properly account for the asymmetry of the magnetization reversal and the angular dependences of 0 H C and 0 H E .
The collinear and noncollinear relative orientation between the intrinsic uniaxial anisotropy of the FM, K U , and the induced unidirectional anisotropy, K E , is achieved after warming a sputtered polycrystalline Co͑12 nm͒/IrMn͑4 nm͒ bilayer 5 to 420 K and FC to room temperature ͑RT͒ in a 0.3 T external field either aligned ͑collinear, ␤ FC =0°͒ or misaligned by an angle ␤ FC = 20°͑noncollinear͒ with respect to the easy magnetization direction of the FM layer. Angular dependent, high resolution, vectorial Kerr magnetometry measurements have been performed at RT to study the dependence of the reversal of both parallel ͑M ʈ ͒ and transverse ͑M Ќ ͒ magnetization components with respect to the applied field angle ␣ H , where ␣ H = 0°is defined as the FC direction. field is swept along ͑increasing field branch͒ or against ͑de-creasing field branch͒ the FC direction. However, the reversal in each system takes place in a different fashion. In both cases, M ʈ reverses mainly via a sharp irreversible transition, indicating that the reversal is mainly governed by nucleation and propagation of magnetic domains. For the collinear configuration M Ќ = 0 in the whole field loop, where as for the noncollinear case a clear hysteresis with both smooth reversible and sharp irreversible transitions is observed. This indicates that during the sharp transitions the magnetization in the nucleated magnetic domains is aligned parallel to the external field for the collinear coupling configuration, while it is nonparallel for the noncollinear case. For ␣ H = 90°, perpendicular to the FC direction, smooth reversible transitions are observed in both M ʈ and M Ќ loops for both coupling configurations, indicating that magnetization rotation is the relevant process during reversal. Remarkably, the M ʈ hysteresis loop exhibits a shift along the field axis for the noncollinear anisotropy configuration ͓marked with a vertical dashed line in the right bottom graph of Fig. 1͑b͔͒ .
An unusual asymmetric magnetization reversal behavior is found for the noncollinear coupled FM/AFM bilayer. The right and left panels of Fig. 2 show the hysteresis loops acquired around the FC direction for negative and positive ␣ H values, respectively. In general, both smooth reversible and sharp irreversible transitions are observed in both components of magnetization, indicating rotation and nucleation and further propagation of magnetic domains, respectively. The asymmetric reversal behavior is found by the differently rounded M ʈ transitions and different maximum values of M Ќ observed in the decreasing and increasing field branches of the hysteresis loop. Similar features were also observed in other collinear coupled FM/AFM systems. 5 In contrast, several remarkable differences are found in the present study. For the noncollinear coupled bilayer, depending of the field angle, M Ќ can reverse in one semicircle ͑i.e., M Ќ can be either always positive or negative͒ or in both semicircles ͑positive and negative͒, whereas for the collinear case M Ќ only reverses in one semicircle. Moreover, the angular range where M Ќ reverses in both semicircles is not symmetric around the FC direction. For instance, M Ќ reverses in both semicircles at ␣ H = −9°whereas only in one at ␣ H = +9°. Additionally, the reversal asymmetry is not symmetric around the FC direction in the noncollinear case. Magnetization reversal via rotation processes is not always more relevant in the same field branch but can be found in either descending or ascending branches of the hysteresis loop, depending on the sign of the applied magnetic field angle with respect to the FC direction.
When comparing the angular dependence of the exchange bias and the coercivity, the symmetry breaking of the noncollinear coupling can be clearly observed ͑see Fig. 3͒ . For example, 0 H E = 0 is not found perpendicular to the FC direction, but at ␣ H = −81°and +99°. Both coercivity and exchange bias are not symmetric around the FC direction, i.e., 0
Around the FC direction, i.e., ␣ H = 0°, the coercivity displays almost no variation which coincides with the occurrence of M Ќ reversal in both semicircles ͑see the area highlighted around 0°in Fig. 3͒ . Additionally, the angular range where an asymmetric reversal behavior is observed is also not symmetric around the FC direction. In this case, we assign two critical angles at ϳ−25°and ϳ+40°to observe asymmetric magnetization reversal. Finally, these critical angles coincide with the onset of coercivity, i.e., 0 H C 0, the onset of reversible processes, and the maximum exchange bias values found around the FC direction. In fact, the induced asymmetries can be exploited to tailor the magnetic behavior of FM/AFM systems, e.g., by significantly reducing 0 H C while virtually keeping 0 H E unchanged or having a biased 90°loop. All the nonsymmetric magnetic behaviors found experimentally in the noncollinear coupled FM/AFM bilayer are well reproduced without any fitting parameter with a simple coherent rotation Stoner-Wohlfarth model 5 including K U and K E misaligned 20°, i.e., the FC angle with respect to the FM anisotropy direction, as shown the solid lines in the figures. Similar noncollinear configurations have already been used ad hoc to model recent experimental observations in exchange bias systems. 6, [12] [13] [14] [15] In our case, the values K U and K E were extracted from the experimental data of the reference FM film and the FM/AFM bilayers. The same anisotropy values were used to simulate the behavior of bilayer with collinear anisotropies, i.e., ␤ FC = 0°, shown in Figs. 1 and 3 .
In summary, the detailed angular dependence magnetic studies in exchange biased systems with collinear and noncollinear uniaxial and unidirectional anisotropies shows that a number of asymmetries can be induced by the noncollinearity ͓e.g., magnetization reversal, 0
This reveals the importance not only of the relative intensity of the different anisotropies in the system but also of the angle between them. The induced anisotropic behavior can be used to tailor the magnetic properties in exchange biased systems. 
